We report the first census of natural microbial communities of the Bonneville Salt Flats 26 (BSF), a perennial salt pan at the Utah-Nevada border. Environmental DNA sequencing of 27 archaeal and bacterial 16S rRNA genes was conducted on samples from multiple evaporite 28 sediment layers of the surface salt crust. Our results show that at the time of sampling 29 (September 2016), BSF hosted a robust microbial community dominated by diverse 30 Halobacteriaceae and Salinibacter species. Desulfuromonadales from GR-WP33-58 are also 31 abundant in all samples. We identified taxonomic groups enriched in each layer of the salt crust 32 sediment and revealed that the upper gypsum sediment layer found immediately under the 33 uppermost surface halite contains a robust microbial community. We found an increased 34 presence of Thermoplasmatales, Nanohaloarchaeota, Woesearchaeota, Acetothermia, 35 Halanaerobium, Parcubacteria, Planctomycetes, Clostridia, Gemmatimonadetes, Marinilabiaceae 36 and other Bacteroidetes in this upper gypsum layer. This study provides insight into the diversity, 37 spatial heterogeneity, and geologic context of a surprisingly complex microbial ecosystem within 38 this macroscopically-sterile landscape. 39 40 IMPORTANCE 41
INTRODUCTION 55
The Great Salt Lake and Bonneville Salt Flats (BSF) are both remnants of Pleistocene 7 30K Ultra Centrifugal filters, and final clean-up with 2x SPRI beads (Rohland and Reich, 2012) . 138 DNA quantification was performed with a Qubit fluorometer (ThermoFisher). 139 Archaeal and bacterial 16S rRNA gene amplicon sequencing was conducted by the 140 Michigan State University genomics core facility. The V4 region of the bacterial 16S rRNA gene 141 was amplified with dual-indexed Illumina fusion primers with the 515F/806R primers as 142 described by Kozich et al. (Kozich et al., 2013) . The V4 region of the archaeal 16S rRNA gene 143 was amplified with the A519F/Arch958R primers (Klindworth et al., 2013) . Amplicon with the DADA2 R package (Callahan et al., 2016) . Using this package primer contaminants and 153 chimeras were removed, reads were trimmed and filtered based on quality, and sequence variants 154 likely to be derived by sequencing error were identified. The final amplicon sequence variants 155 (ASVs) are considered to be true variants and are analyzed in the same method as traditional 156 operational taxonomic units (OTUs) . Taxonomic classification of all ASVs was performed with the estimated number of total cells in that sample. Total cells were estimated by the total ng of 161 extracted DNA (as measured by the Qubit fluorometer) and an assumption of 2x10 -6 ng of DNA 162 per cell. All downstream analyses were performed with these biomass-weighted relative 163 abundances. Differential abundance of ASVs in each layer was performed using edgeR 164 (McMurdie and Holmes, 2013a) and phyloseq (McMurdie and Holmes, 2013b ). An ASV was 165 considered to be significantly enriched in a layer if its differential abundance passed a false Thin section and elemental analysis and microscopy reveal different layers of distinct 184 sedimentological morphology ( Fig. 1, Fig. S2 ). Primary minerals were identified as halite 185 (NaCl), gypsum (CaSO4*2H2O), and clay minerals (Fe, Mg, and Al). The majority of samples 186 were above reporting limits for sodium. All minerals are reported as weight % of composition 187 (Table S1, Figs. S3-S5) . The relative enrichment of select major and trace elements was 188 determined for each sediment classification ( Table 1) . Groups with mean values above the cutoff 189 limit were reported as enriched with an element. Reconstructed mineralogy only accounted for 41-61% of Group 2's mass. Group 2 is enriched in 201 sulfur, calcium, magnesium, aluminum, potassium, iron, strontium, zinc, lead, and manganese.
202
Group 3 (lower halite) samples are cemented halite with porous vertical dissolution pipes 203 running through it. These pipes are typically 10mm -30mm wide, but some are > 1 cm.
204
Elemental data from group 3 is similar to Group 1 (surface halite). Group 3 is enriched in 205 chloride, and zinc. Group 4 (lower gypsum) samples contain coarse black organic or clay coated gypsum 207 grains (medium to coarse, some very coarse) that smell of sulfur. Samples in this category have 208 similar amounts of gypsum (32.5-38%) but differing amounts of halite (6.5-54%). Group 4 209 samples are enriched in sulfur, calcium, magnesium, aluminum, potassium, iron, strontium, and 210 barium.
211
Group 5 (halite mixed with gypsum) consists of a more chaotic halite (53-61%) 212 supported framework made from vestigial dissolution pipes filled by pore space and 28-33% 213 gypsum. Group 5 is enriched in chloride, calcium, sulfur, strontium, and barium. Table S2 . These ASV 220 counts were transformed with the DNA extraction yields with the procedure described in the 221 methods to obtain biomass-weighted environmental abundances for downstream analyses. At 222 most sites, samples in Group 1 and Group 2 have higher DNA yields and ASV counts than 223 samples from Group 3, 4, and 5. Samples from Group 1 and 2 sequenced more successfully than 224 those in other groups, particularly with archaeal primers.
225
There were 1,552 ASVs (56% of the total ASVs) in the bacterial dataset that were 226 assigned archaeal taxonomy. The 515F/806R bacterial primers are known to amplify both 227 bacteria and archaea, so we chose to include the archaeal ASVs in the bacterial dataset rather Thiohalorhabdus, and Ectothiorhodospiraceae are greater in lower layers. In both datasets, the 244 relative abundances of ASVs classified to Thermoplasmata are greatest in the middle layer.
245
Multivariate analysis of beta diversity for the bacterial and archaeal datasets did not 246 reveal any significant correlations between community compositions and location or sediment 247 depth. (Fig. S8, Fig. S9) . Similarly, alpha diversity, as measured by the Simpson index, did not 248 exhibit any consistent patterns with location or sediment depth (Table S3 ). These results 249 highlight the general lack of significant variation among the whole-community compositions 250 prior to differential abundance analyses. (Fig. 1) . For the bacterial dataset, comparisons were done 257 between: Group 1-2, Group 2-3, and Group 2-4. For the archaeal dataset, comparisons were done 258 between: Group 1-2 and Group 2-5. All other comparisons were not possible due to lack of data 259 from particular samples.
260
In the bacterial dataset, comparisons between Group 1 and 2 identified 429 ASVs with 261 significantly greater abundance (determined by a false discovery rate of <0.05) in Group 1 262 (surface halite) and 660 ASVs with significantly greater abundance in Group 2 (upper gypsum) 263 (Fig. 2, Fig. S10 ). Diverse Halobacteriaceae make up 37% of the surface halite-enriched ASVs. 
309
The surface halite and upper gypsum sediment layers (Groups 1 and 2) have higher DNA 310 yields than deeper samples (Table S2 ). These upper sediments have availability to sunlight and 311 oxygen while still retaining protection from UV radiation within the evaporite crusts.
312
Additionally, sulfur minerals in the upper gypsum layer likely provide an energy source for 313 chemotrophic microbes living in these upper layers. Therefore, the upper gypsum layer is likely 314 to have more abundant and more active phototrophic and chemotrophic microbial communities 315 compared to deeper layers. surface halite was only 3 mm, while at site 56 the surface halite was 25mm (Fig. S11, Table S1 ). 321 In spite of these differences in depth, these surface halite samples hosted remarkably similar 322 archaeal and bacterial communities (Fig. S6, Fig. S7 ). This trend is still evident even between 323 the two samples with the greatest spread between sampling depths, site 12B where the upper 324 gypsum layer was sampled at a depth of 3mm-7mm and site 41 where the gypsum layer was 325 sampled at a depth of 25mm -90mm. Both of these samples appear similar in mineral 326 classification and relative abundance of microbial taxa. These results suggest microbial 327 communities shift along mineralogical rather than depth gradients at BSF.
328
Upper halite crusts (Group 1) are dominated by heterotrophs from Salinibacter and 329 Halobacteriaceae. Halobacteriaceae gain most of their energy through heterotrophy but are also 330 capable of harnessing sunlight for supplemental ATP production with the specialized pigment 331 bacteriorhodopsin (Hartmann et al., 1980; Sharma et al., 2007; Spudich, 1998) . Key primary 332 producers in the top halite layer are likely cyanobacteria, particularly Euhalothece, and the salt 333 tolerant algae Dunaliella salina. Although we did not perform 18S rRNA sequencing to 334 characterize the eukaryotic community, one ASV has 100% identity to the 16S rRNA gene of the 335 Dunaliella chloroplast. This ASV was only absent at 3 sites: 12B, 67B, and 41. Sites 12B and 336 67B have the highest proportion of gypsum for samples in Group 1. These sites are also located 337 in a region with the thinnest surface halite (Fig. S11) . 338 Thin sections show surface halites contain large pore spaces and fluid inclusions within 339 the halite crystals (Fig. 1) . This upper phototrophic community at BSF likely resides in tandem 340 with heterotrophs in these pore spaces of the halite structure or as a filamentous biofilms 341 attached to the surface of halite crystals (Spear et al., 2003) . Microbes in this surface layer may 342 also be encapsulated within fluid inclusions. Members of this community are likely active during 343 16 the flooding stage of BSF, when upper halite dissolves and brine exists on the surface. They may 344 become encapsulated once again as the brine precipitates into halite crystals during the next 345 desiccation cycle. 346 Our results indicate that more genera are enriched in the upper gypsum sediments (Group 347 2) found beneath the surface halite layer than in other types of sediment (Fig. 2, Table 2) . These and Thermosulfurimonas) commonly found in environments containing sulfur compounds are 359 also enriched in this upper gypsum layer. These results are strongly suggestive that the abundant 360 sulfur minerals found in this layer (Table S1) are metabolized by the resident microbes.
361
Interestingly, methanogens and acetogens who often compete with sulfate-reducing bacteria, are 362 also enriched in the upper gypsum layer (Kato et al., 2014) . Methanogens in salt flats often 363 utilize methylated compounds, rather than carbon dioxide, allowing them to coexist with 364 acetogens and sulfate-reducing bacteria (García-Maldonado et al., 2015) . to higher sediments suggesting oxygen may not be completely depleted at this depth. The 372 dissolution pipes and larger grain sizes found in the lower gypsum, lower halite, and lower halite 373 mixed with gypsum layers may enable more air circulation at these depths (Fig. S2) . 374 
375
The microbial community of BSF is similar to previously described hypersaline ecosystems 376 Only one culture-independent study of microorganisms at the Bonneville Salt Flats (BSF) 377 has been conducted previously (Lynch, 2015) . This study focused on the adjacent basin Pilot were Haloarcula and Halapricum (Fig. S6, Fig. S7) . Culture-dependent studies at BSF have 382 only been successful at isolating Haloarcula, Halorubrum, Halobacterium, and Salicola species 383 (Boogaerts, 2015; Gary M. King, 2015) .
384
The microbial diversity at BSF is comparable to that of other dry saline environments.
385
Archaeal communities are often dominated by members of Halobacteriaceae (Di Meglio et al., 386 2016; Kambourova et al., 2017; Stivaletta et al., 2009) . Bacterial communities are often 387 dominated by Bacteroidetes (Salinibacter) and Proteobacteria (Rasuk et al., 2014; Stivaletta et 388 18 al., 2011; Vogt et al., 2017) . Members from Crenarchaeota, Gemmatimonadetes, 389 Verrucomicrobia, SRB from Deltaproteobacteria, and Clostridia are also commonly reported 390 (Caton and Schneegurt, 2012; Kim et al., 2012; McKay et al., 2016) . We found ASVs at BSF 391 that are closely related to all of these commonly reported species (Fig. S6, Fig. S7) . Euhalothece 392 is the most commonly reported dominant Cyanobacteria in hypersaline environments (Caton and 393 Schneegurt, 2012; Lindsay et al., 2017; McKay et al., 2016; Schneider et al., 2013; Spear et al., 394 2003; Stivaletta et al., 2011; Vogt et al., 2017) . Some of our ASVs classified to Euhalothece, but 395 we found Lyngbya to be the most dominant Cyanobacteria at BSF.
396
Interestingly, microbial species commonly reported in hypersaline lake environments, 397 such the Great Salt Lake, Lake Chaka, and the Salton Sea are also found in our BSF samples 398 (Almeida-Dalmet et al., 2015; Bowman et al., 2000; Dillon et al., 2013; Jiang et al., 2007; 399 Lindsay et al., 2017; Schneider et al., 2013; Swan et al., 2010) , suggesting physiological and/or 400 ecological connections between hypersaline aquatic and sediment systems. Order) represented in the enriched ASVs from differential abundance comparisons. 
